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Abstract—We introduce the concept of a Rotman-lens spec-
trum decomposer (RLSD) real-time spectrum-sniffer (RTSS) for
cognitive radio. Compared to a previously existing RTSS, the
RLSD-RTSS offers the advantages of being 1) based an a simpler
and lower-cost purely passive structure, 2) easier to design and
easily amenable to tunability, 3) of much broader bandwidth,
and 4) of accommodating more channels. The electrical size of
the device is electrically larger, but perfectly acceptable in the
millimeter-wave frequency range. The proposed RLSD-RTSS is
demonstrated theoretically and experimentally, and been shown
to support tunability in terms of both bandwidth-resolution and
operation band. Given its unique features, this device may find
wide applications in 5G UHD and 3D video systems.
Index Terms—Spectrum sniffing, real-time spectrum-sniffer
(RTSS), Rotman lens, Rotman-lens spectrum decomposer
(RLSD), cognitive radio, 5G wireless systems.
I. INTRODUCTION
Current wireless communication systems will need dras-
tic improvement to accommodate future end-user speed and
reliability requirements. Real-time reconfiguration strategies,
globally referred to as cognitive radio [1], may become pivotal
approach to address this challenge in forthcoming 5G systems,
especially in applications with extremely high throughput,
such as UHD and 3D video [2].
Cognitive radio consists in two main steps: 1) sensing –
or “sniffing” – the ambient spectrum so as to identity white
(free) bands in it, and 2) reconfigure the radio system to exploit
these white bands for optimal spectral efficiency at all times.
As the operating frequency gets higher, the sniffing operation
should be realized in a fast, adaptive and low-cost fashion.
Real-time analog processing (RAP) [3]–[9], based on agile
microwave dispersive components called “phasers” [10]–[16],
is an optimal technology in this regard.
Recently, a Real-Time Spectrum Sniffer (RTSS) based on
a mixer and a coupled-line phaser with stair-case group delay
response has been reported in [17]. However, this sniffer is
limited by the following features: requirement for an auxiliary
pulse generator and of a local oscillator source for mixing,
high design complexity and lack of tunability, restricted band-
width, and small number of channels.
In this paper, we present an alternative RTSS, based on a
Rotman Lens Spectrum Decomposer (RLSD) [18], [19]. This
device resolves all the aforementioned issues of the RTSS
in [17], and is hence very promising for future communication
systems: 1) it is based on a simple passive structure, the
RLSD, requiring neither mixers nor sources, and it is hence
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inexpensive; 2) it easy to design and may be tuned in real-
time using PIN diodes and switches; 3) it exhibits a very
broad bandwidth, due to its true-time delay nature; 4) it may
accommodate a great number channels.
The paper is organized as follows. Section II presents
the principle of the proposed RTSS. Section III recalls the
fundamental aspects of the RLSD that constitutes the key
component of the RTSS. Section IV shows the resolution
control capabilities of the RLSD-RTSS, which include res-
olution uniformity, bandwidth resolution trade-off tuning and
operation band tuning. The RLSD-RTSS is demonstrated in
Sec. V, and Sec. VI concludes the paper.
II. REAL-TIME SPECTRUM SNIFFER (RTSS) PRINCIPLE
The principle of the proposed real-time spectrum sniffer
(RTSS) is presented in Fig. 1. The broadband-spectrum (multi-
channel) ambient signal to sniff is picked up by an omnidi-
rectional antenna, amplified and passed through a real-time
spectrum decomposer (RTSD). The RTSD operates like a
prism, i.e. separates out in space, towards different output
ports, (and in real-time) the different frequencies composing
the input signal and corresponding to different communication
channels. The so-separated output signals are then detected
by power detectors, from which the binary information on
the activity (bit 1) or inactivity (bit 0) of all the channels is
instantaneously provided in the base-band domain.
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Fig. 1. Principle of the proposed real-time spectrum sniffer (RTSS).
III. ROTMAN LENS SPECTRUM DECOMPOSER (RLSD)
The key component in the RTSS of Fig. 1 is the real-time
spectrum decomposer (RTSD). We propose here to realize
this RTSD in the form of the ray-optics structure shown in
Fig. 2. This structure is composed by the interconnection of a
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2Rotman lens [20]–[24] and a reflective dispersive transmission
line array [25].
The basic operation of the lens RTSD is as follows. The
ambient broadband input signal is injected into the system
from a port at the left center of the lens and then cylindrically
radiates within the lens to the ports at its right. The (full-
spectrum) signals reaching these ports are then reflected by an
array of transmission lines with different lengths. Due to this
dispersive nature of this array reflector [25], a phase gradient
is formed on the right ports, causing the wave to decompose
towards the left, with different frequencies reaching different
ports, so as to achieve the desired spectral decomposition.{ {
∆ℓ
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f : spatial decomposition
α: flexible resolution
d
Rotman lens
In α
αi “ 0
dispersive reflecting
transmission line array
Fig. 2. Implementation of the real-time spectrum decomposer (RTSD)
in Fig. 1 based on a Rotman lens and a dispersive reflecting transmission
line array (lens RTSD).
Calling ∆` the length difference between adjacent trans-
mission lines in Fig. 2, the phase gradient after round-trip
reflection from the dispersive transmission line array is found
as
∆φarraypωq “ 2βepωq∆` “ 2ω
?
e
c
∆`, (1)
where βepωq is the effective wavenumber of the transmission
lines. Assuming that ∆` is designed to be N times half the
wavelength at the frequency intended to scatter at the center
of the RLSD left contour, ω0, i.e.
∆` “ Nλ0{2 “ Npic{p?eω0q, N “ 1, 2, 3, . . . , (2)
we find, upon substitution into (1),
∆φarraypωq “ 2piN ω
ω0
. (3)
On the other hand, according to antenna array theory, the
function ∆φlenspωq for beam forming at the angle ψ is
∆φlenspωq “ ω
c
d sinψ “ ω
c
dγ sinα, (4)
where the latter equality stems from the Rotman lens beam
former relationship [20]
γ « sinψ
sinα
, (5)
with α being the port position angle, as shown in Fig. 2.
∆φlenspωq represents the phase gradient at the right contour
of the Rotman lens that is required for the frequency ω to radi-
ate into the direction α, as required for spectral decomposition.
This gradient must be compatible with the phase gradient after
reflection from the dispersive array, ∆φarray. For this to be the
case, we equate (3) and (4), which yields the frequency (ω)
versus port position (α) law of the lens RTSD:
ωpαq “ 2piNω0c
2piNc´ ω0dγ sinα. (6)
IV. RTSD RESOLUTION CONTROL
A. Uniform Resolution Design
If the output ports of the lens RTSD are equidistant, i.e.
∆α “ αk`1´αk “ constant in Fig. 2, the resolution across the
spectrum of the input signal is nonuniform [18], which is most
often not desired in practice. Therefore, we shall distribute the
output ports in such a fashion that the RTSD exhibits uniform
resolution [19].
For the sake of concreteness, let us develop the overall
RTSD resolution control theory through a specific design
example. Consider an RTSS operation around f0 “ ω0{p2piq “
40 GHz with bandwidth resolution of about 15 GHz, and
M “ 8 output ports (Fig. 1), with the parameters N “ 2,
d “ λ0{2 or d “ c{p2f0q and γ “ 1. Inserting these pa-
rameters in (6) leads to the frequency versus position relation
plotted in Fig. 3.
Achieving resolution uniformity simply consists in uni-
formly sampling the curve fpαq in Fig. 3 along the vertical
(frequency–f ) axis and reading out the corresponding angular
positions on the horizontal (position–α) axis. The values αn
obtained in this fashion directly provide the locations of the
ports on the left contour of the lens RTSD producing uniform
resolution.
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Fig. 3. Frequency (f ) versus port position (α) of the lens RTSD in Fig. 2,
obtained by (6), with f0 “ ω0{p2piq “ 40 GHz, N “ 2 and γ “ 1. The
discrete port positions for uniform-resolution [∆fk “ fk`1 ´ fk “ ∆f “
const. (k “ 1, . . . , 7)] are shown for N “ 2.
The 8-channel uniform-resolution lens RTSD is then de-
signed in microstrip technology on a Rogers 6002 substrate
with thickness 0.254 mm, dielectric constant 2.94 and loss
tangent 0.0012. The resulting layout is shown in Fig. 4(a).
The Rotman lens includes 8 input ports, 15 output ports and 2
dummy ports (reducing spurious reflection [20]). The 3 focal
angles [20] are 0˝, α0 “ 35˝ and ´α0 “ ´35˝, with focal
length 28.4 mm, 25.6 mm and 25.6 mm, respectively. The 15
3transmission lines are directly connected to the output ports of
the Rotman lens with adjacent line length difference of 4.8 mm
and uniform width of 0.66 mm .
Figure 4(b) plots the full-wave simulated spectrum versus
port of the RTSD lens in Fig. 4(a). It shows that the lens
RTSD essentially operates as expected, despite some spurious
inter-port leakage due to small mismatch at the lens to strip
transitions and resulting inter-port coupling. This effect may
be mitigated by using longer or more efficient (e.g. exponential
or Klopfenstein [26]) transitions.
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Fig. 4. Uniform-resolution 8-channel RTSD lens. (a) Layout. (b) Full-wave
simulated spectrum versus lens port.
B. Bandwidth-Resolution Tuning
Tuning the length difference ∆` of the reflecting array
transmission lines [Eq. (1)], or equivalently tuning N since
∆` 9 N [Eq. (2)], tunes the phase gradient ∆φarray of the
array [Eq. (3)], which results in altering the receive angle
versus frequency sensitivity, spNq “ Bα{Bω and hence the
bandwidth of the RTSS. Specifically, increasing N increases
the array dispersion and lens diffraction, i.e. splits frequen-
cies more over space or increases spNq, which decreases
the RTSS bandwidth, BW“ rωp´α0q, ωpα0qs, since the ex-
tremal frequencies of the test pulse are pushed beyond the
receiving area (r´α0, α0s) of the lens. So, we should have
BW 9 1{s 9 Bω{Bα 9 1{N .
Let us verify this mathematically by deriving (6)
BWpNq9 BωBα “
2piNω2dγ cosα
p2piNc´ ω0dγ sinαq2 . (7)
This expression is rather complicated, but its evaluation about
the center port of the RTSS, α “ 0, leads to the much simpler
result
BWpNq 9 BωBα
ˇˇˇˇ
α“0
“ ω0
2N
, (8)
which confirms the predicted trend of the bandwidth being
inversely proportional to N .
Figure 5 plots the function ωpαq given by (6) for N “
1, 2, 3, where N “ 2 corresponds to the design in Fig. 3. By
design [from (3) ∆φarraypω “ ω0q “ 2piN , yielding the same
radiation pattern, with main beam pointing to α “ 0, @ N ],
the three curves intersect at the point p0, f0q “ p0˝, 40 GHzq,
and the operating frequency range indeed increases with
decreasing N . The operation bandwidth for N “ 1 is almost
five times larger than that for N “ 3, and this ratio would
naturally increases with larger N . This represents a very large
bandwidth tuning capability, where one can trade bandwidth
for resolution and vice-versa.
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Fig. 5. Frequency (f ) versus port position (α) of the lens RTSD in Fig. 2,
computed by (6) for N “ 1, 2, 3 in (2) with f0 “ ω0{p2piq “ 40 GHz. The
bandwidths for N “ 1, 2, 3 are [30.5,58.5] GHz, [35.0,46.7] GHz and [36.2,
43.5] GHz, respectively.
Figure 6 plots the full-wave simulated spectra versus lens
port number in the RTSD of Fig. 4(a) for N “ 1 and N “ 3,
complementing the results for N “ 2 in Fig. 4(b). One
first observes that the operation bandwidths correspond to the
theoretical predictions in Fig. 5. The second observation is that
the amount of parasitic leakage increases with decreasing N .
This is simply understood by remembering that the bandwidth
is inversely proportional to N [Eq. (8)] and realizing the
limited bandwidth of the transitions between the lens and the
microstrip lines on both sides of the lens.
Practically, the bandwidth-resolution tuning demonstrated in
this section can be straightforwardly implemented by multiply-
ing all the lengths of the reflecting array transmission lines by
N and connecting the resulting N sections by PIN diodes, as
is shown in Fig. 7. If all the diodes are ON, then the RTSS
exhibits the highest resolution, while if the first diode towards
the right is OFF, the RTSS provides the largest bandwidth.
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Fig. 6. Full-wave simulated spectra versus lens port number in the RTSD
of Fig. 4(a) for different values of N . (a) N “ 1. (b) N “ 3. The result for
N “ 2 is plotted in Fig. 4(a).
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Rotman lens
in
group 1 group 2
Fig. 7. Implementation of a 3-mode (N “ 1, 2, 3 in Fig. 5) bandwidth-
resolution tuning by RLSD-RTSS using 2 PIN diodes in each reflecting line.
In the first mode, the diodes of group 1 are off (N “ 1 or ∆` “ λ0{2); in
the second mode, these diodes are on and those of group 2 are off (N “ 2 or
∆` “ λ0); in the third mode, all the diodes are on (N “ 3 or ∆` “ 3λ0{2).
C. Operation Band Tuning
Until this point, the input port has always been fixed to the
middle of the left contour of the Rotman lens, i.e. αi “ 0,
as shown in Fig. 2. Switching the input position between
the ports the RTSS, i.e. letting αi “ αk with k varying
between k “ 1 to k “ M , slides the operating spectrum
and hence allows sniffing different frequency bands. Indeed,
such switching changes the optical path lengths across the
structure, effectively adding an extra term to the array phase
gradient ∆φarray in (3), which results in rotating the spectrum
around the Rotman lens and hence the part of the spectrum
falling into the port sector r´α0, α0s.
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Fig. 8. Frequency (f ) versus port position (α) of the lens RTSD in Fig. 2,
computed by (10) for αi “ ´35˝, 0, 35˝, with f0 “ ω0{p2piq “ 40 GHz
and N “ 2.
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Fig. 9. Full-wave simulated spectra versus lens port number in the RTSD
of Fig. 4(a) for different values of αi. (a) αi “ ´35˝, or port 1 (bottom) in
Fig. 4. (b) αi “ 35˝ , or port 8 (top) in Fig. 4.
The phase gradient term added by switching the input posi-
tion is, according to the Rotman lens theory [20], ωγd sinαi{c.
Equation (3) generalizes then to
∆φarraypωq “ 2piN ω
ω0
´ ω
c
γd sinαi, (9)
5which in turn generalizes Eq. (6) to
ωpαq “ 2piNω0c
2piNc´ ω0dγpsinα` sinαiq . (10)
This relation confirms that increasing αi from ´pi{2 to pi{2
increases the frequency at any port, αk.
Figure 8 plots the function ωpαq given by (10) for different
values of αi. It confirms the predicted operation band tuning.
Moreover, it shows the the bandwidth varies little with αi.
Figure 9 plots the full-wave simulated spectra versus input
port position in the RTSD of Fig. 4(a) for αi “ ´35˝ and αi “
35˝, complementing the results for αi “ 0˝ in Fig. 4(b).The
operation bands and bandwidths correspond to the theoretical
predictions in Fig. 8.
Practically, the operation band tuning demonstrated in this
section may be implemented using switching matrix and
circulators, as shown in Fig. 10.
switch matrix
Rotman lensin
αi selector
Fig. 10. Implementation of operation band tuning RTSD-RTSS αi using a
switching matrix and circulators.
V. DEVICE DEMONSTRATION
The RLSD of Fig. 4 was fabricated and measured. Fig-
ure 11(a) shows the prototype while Fig. 11(b) plots the
corresponding measured spectrum versus output port number.
The measured spectrum distribution agrees very well with the
theoretical prediction in Fig. 4(b) at least down to ´15 dB.
Figure 12 plots the spectra of the input and output signals of
the RTSS (Fig. 1) for the fabricated lens RTSD in Fig. 11 with
the 4 active channels f2 “ 36.7, f3 “ 38.3, f5 “ 41.7, f8 “
46.7 GHz. The RTSS device, assuming a threshold between
´5 dB and ´10 dB properly detects these active channels,
and hence informs on the availability of the channels f1 “
35, f4 “ 40, f6 “ 43.4, f7 “ 45 GHz.
The implementation of the bandwidth-resolution tuning and
operation band tuning versions of the RTSS demonstrated in
Figs. 11 and 12 may be realized in the electronic architectures
in Fig. 7 and 10 has therefore not been implemented in the lab.
Since these implementation would represent straightforward
fabrication without added essential information, we have not
implemented them. However, we have verified that the corre-
sponding spectra of the fabricated prototype for all the tuning
conditions in the operation band tuning RTSS and by full-
wave simulation for the bandwidth-resolution tuning RTSS,
and found, without surprise, excellent agreement in all cases.
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Fig. 12. Spectra of the input and output signals in the RTSS (Fig. 1) for the
fabricated lens RTSD in Fig. 11. (a) Multi-channel input signal with active
channels f2 “ 36.7 GHz, f3 “ 38.3 GHz, f5 “ 41.7 GHz and f8 “ 46.7
GHz. (b) Output signals just before and after the detectors in Fig. 1.
6VI. CONCLUSION
We have presented and demonstrated a Rotman-lens spec-
trum decomposer (RLSD) real-time spectrum-sniffer (RTSS)
for cognitive radio. This system has superior features com-
pared to previous RTSS devices. Moreover, it is easily
amenable to bandwidth-resolution tuning and operation band
tuning. the RLSD RTSS may thus find wide applications in
future communication systems, particularly in the millimeter-
wave frequency range where the device size is perfectly
accommodatable.
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